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[57] ABSTRACI‘ 
An ultrasonic system for determination of bone charac 
teristics is provided having ?rst and second transducers 
in a mounting arrangement for mounting the transduc 
‘ers in spaced relationship with respect to the bone, the 
mounting arrangement including a contact arrangement 
for de?ning a stable and repeatable contact point on the 
body part containing the bone, such that the transducers 
may be biased against the body part with a substantially 
constant force, the contact arrangement including a 
plurality of contact buttons projecting in a common 
direction, the buttons being axially displaceable and 
?tted with an engagement sensing arrangement for 
determining contact with the body part such that opera 
tion of the device may be inhibited until proper contact 
is made. - 

11 Claims, 10 Drawing Sheets 

5,396,891 ' 



5,396,891 
Page 2 

us. PATENT DOCUMENTS " 

4,774,959 10/ 1988 Palmer et a1. ..................... .. 128/660 
4,799,498 1/1989 Collier ............................... .. 128/774 

4,836,218 6/1989 Gay et a1. .. 
4,855,911 8/1989 Lele et a1 ..... .. 
4,913,157 4/1990 Pratt, Jr. et a1. .. 128/661 
4,926,870 5/1990 Brandenburger ................. .. 128/660 

4,930,511 6/1990 Rossman et al. .................. .. 128/661 

4,941,474 7/1990 
4,949,312 8/ 1990 367/7 
4,949,313 8/ 1990 367/7 
4,976,267 12/ 1990 128/ 660 
5,006,984 4/ 1991 364/413 
5,014,970 5/ 1991 269/328 
5,038,787 8/1991 Antich et a1. .. 128/660 
5,042,489 8/1991 Wiener et a1. 128/ 661 
5,052,394 10/1991 Carpenter et a1. . .... .. 128/660 

5,054,490 10/ 1991 Rossman et al. .. 
5,079,951 1/ 1992 Raymond et a1. .. 
5,095,909 3/ 1992 Nakayama et a1. 
5,099,849 -3/ 1992 Rossman et al. .... .. 128/661 
5,119,820 6/1992 Rossman et a1. .... .. 128/661 
5,134,999 8/ 1992 , Osipov ......... .. l28/661.03 

5,143,069 9/1992 Kwon et al. .... .. 128/660 
5,197,475 3/1993 Antich l28/660.01 
5,218,963 6/ 1993 Mazess ......... .. 128/ 661 03 
5,259,384 11/1993 Kaufman et a1. ................. .. 128/660 

OTHER PUBLICATIONS 
and Diseases: Time Series and Frequency Analysis”, 
Ultrasonic Symposium (1986), pp. 949-952. 

Lowet, G., et al., “Monitoring of bone consolidation by 
ultrasound velocity measurement” pp. 2129-2130. 
McCloskey, E. V., et al., “Broadband ultrasound atten 
uation in the os calcis: relationship to bone mineral at 
other skeletal sites”, 78 Clinical Science (1990), pp.» 
227-233. 
McCloskey, E. V., et al., “Assessment of broadband 
ultrasound attenuation in the os calcis in vitro”, 78 clini 
cal Science (1990), pp. 221-225. 
McKelvie, M. L., et al., “In vitro Comparison of Quan 
titative Computed Tomography and Broadband Ultra 
sonic Attenuation of Trabecular Bone”, 10 Bone (1989), 
pp. 101-104. 
Porter, P. W., et al., “Prediction of hip fracture in el 
derly women: a prospective study”, 301 Br. Med. J. 
(1990), pp. 638-641. 
Saha, S., et al., “The effect of soft tissue on wave 
propagation and vibration tests for Determining the in 
vivo properties of bone”, (vol. 10) Pergamon Press 
(1977), pp. 393-401. 
Sonstegard, David, A., eta1., “Sonic Diagnosis of Bone 
Fracture Healing-—A Preliminary Study” pp. 689-694. 
Tavakoli, M. B., and J. A. Evans, “Dependence of the 
velocity and attenuation of ultrasound in bone on the 
mineral content”, 36 (No. 11) Phys. Med. Biol. (1991), 
pp. 1529-1537. 

. Wright, T. M., et al., “Soft Tissue Attenuation of 
Acoustic Emission Pulses”, (vol. No. 105). Journal of 
the Biomechanical Engineeing (Feb. 1983), pp. 20-23. 





US. Patent Mar. 14, 1995 Sheet 2 of 10 5,396,891 

:1 wsmwc. 
‘Com 

2; mam; 
.Eom 



US. Patent 

CLEAR LEFT RIGHT 
all" I 

FIND STORE MONITOR 

.GZ-DGBCZD @543) 
"I'll 
' @m 4) QKL Q (mm 6) 
DATE/TIME °F/°C BATTERY 

wsnqwew 
DELETE PHONE SECURITY 

(we) 61-449 

:- NEW EDIT PRINT ' 

Mar. 14, 1995 Sheet 3 of 10 5,396,891 

485 426 4g 
"r PosmouC) 6060C REPEATC) “‘ 

ff \ .: 

READING #5: g? 
2973 Ms A} 
MEDIAN=2981 / / 
RANGE=2975—2992 / 41 
yawn-93 5:144 62°F J 

\ J 

44 

[ will!“ 
FIG.4 



US. Patent Mar. 14, 1995 Sheet 4 of 10 5,396,891 

44 

2/ 

FIG. 5 



US. Patent Mar. 14, 1995 Sheet 5 of 10 5,396,891 

I _ 

FIG.6 



US. Patent Mar. 14, 1995 Sheet 6 of 10 5,396,891 



US. Patent Mar. 14, 1995 Sheet 7 of 10 5,396,891 

i a ' STORED 941 

953~ SRAM SIGNATURE ~ 
WAVEFORM 

CLOCK 916 

mnuos £11 
SENSORS 

91" CPU '_"‘_—L THERMAL 312 
SENSORS 

/ 42 LCD .v 

M BUS mspw 

93~ ROM RAM ~ KEYPAD 

F IG.9 







US. Patent Mar. 14, 1995 Sheet 10 of 10 5,396,891 

127 
,J 

121~ ACQUIRE NEW SIGNAL REPOSHION 

m1,‘ OFFSET SIGNAL TO BE ADJUST ATTENNUATOR 
SYMMETRICAL m Y AXIS \ 

‘ N0 1216 

1212 ~ FIND SIGNAL ONSET ATIENUATOR = wax 0R MIN is 

T YES \1215 
1212M1 --we > SIGNAL > 100 

N0 
1214~ SIGNAL < 20 YES 

NO 

CROSS CORRELATION WINDOW = 5(21r/0o) ,v 123 
START AT TQNSET — 2(21r/uu) 

124~ CROSS CORRELATE 

HIGHEST PEAK = (105551 m ~125 

2nd HIGHEST PEAK > 90% HIGHEST PEAK “Z1826 
NO 

INTERPOLATE PEAK: 

X -X y -y 
_ 2 1 2 1 ‘FY1218 *PEAK-X1-( 2 )(FFYE) 

X -X y —y 2 1 2 3 s = __ ELE XPEAK “1+( 2 yr”) 
K 128 

~129 
TRANSIT tT= xPEAK+ SYSTEM OFFSET 



5,396,891 
1 

SYSTEM AND METHOD FOR EXTERNAL 
ACOUSTIC BONE VELOCITY MEASUREMENT 

TECHNICAL FIELD 

The present invention relates to systems and methods 
for measuring the velocity of acoustic waves in bones of 
vertebrates, and more particularly to systems and meth 
ods for accomplishing the measurement externally of 
the subject. 

BACKGROUND ART 

It is known to perform bone velocity measurement of 
a subject externally of the subject. Systems typically 
assume that bones of interest have isotropic propagation 
characteristics in a plane perpendicular to the longitudi 
nal axis of the bone. US. Pat. No. 4,421,119, issued for 
an invention of Pratti Jr., teaches the use of a pair of 
opposed transducers for bone velocity measurement. A 
?rst transducer is used as a transmitter, and a second 
transducer is used as a receiver. The transit time of a 
sound pulse from the transmitter to the receiver can be 
used to determine bone velocity. It is known to use both 
continuous waves and pulsed waves to drive the trans 
mitting transducer. Ashman, et al., “A Continuous 
Wave Technique for the Measurement of the Elastic 
Properties of Cortical Bone,” 17 J. Biomechanics 
349-361, 353 (No. 5) (1964). The continuous wave 
method has been viewed as more accurate, because with 
pulse propagation, a certain amount of error is intro 
duced in reading the start of the received signal. With 
the continuous wave approach, however, the phase 
shift between the two signals can be used to determine 
the time delay of propagation. Id. However, determin 
ing the phase shift can involve ambiguity in the number 
of periods of delay, which can be resolved by determi 
nation of the phase shift separately and a number of 
different frequencies, graphically plotting the delay, 
and ?nding the appropriate intercept of the plot. Id., at 
360-361. 

In operation of either pulses or the continuous wave 
approach, furthermore, there is inherent dif?culty in 
dealing with multipath. That is, there is typically more 
than one path for a waveform to reach the receiving 
transducer. Finding the transmitted waveform over the 
path of choice at the receiver poses dif?culties for the 
designer. 

SUMMARY OF THE INVENTION 

The present invention overcomes problems in the 
prior art in ?nding the transmitted waveform over the 
path of choice at the receiver, and provides in various 
embodiments a convenient system and method for bone 
velocity measurement. 

In one embodiment, the invention provides a system 
for externally measuring in a vertebrate subject the 
velocity of an acoustic wave in a bone that has a longi 
tudinal axis. The system in this embodiment as ?rst and 
second transducers, each of which has a central acoustic 
axis. A mounting arrangement mounts the transducers 
so that their central axes form an angle substantially less 
than 180 degrees and lie substantially in a plane that is 
disposed transversely with respect to the longitudinal 
axis of the bone. A signal exciter provides an electrical 
signal to the ?rst transducer to cause it to produce an 
acoustic wave that is propagated into the subject and 
received by the second transducer along a path that 
includes a chord of the bone. A signal processing ar 
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2 
rangement in communication with the second trans 
ducer and the signal exciter determines the velocity of 
the acoustic wave in the bone. The angle of the axes of 
the transducers may be optimized to reduce the error in 
apparent bone velocity measurement caused by soft 
tissue thickness variation, and the plane may be substan 
tially perpendicular to the longitudinal axis of the bone. 

In a further embodiment, three transducers are em 
ployed, mounted in spaced relationship with respect to 
the bone. A signal exciter provides an electrical signal 
to the ?rst transducer to cause it to produce an acoustic 
wave that is propagated into the subject and received 
by the second and third transducers along ?rst and 
second paths respectively through the bone and includ 
ing soft tissue. A signal processing arrangement in com 
munication with the second and third transducers and 
the signal exciter determines the velocity of the acoustic 
wave in the bone. The processing arrangement includes 
means for effectively determining the difference in the 
wave transit time between the ?rst and second trans 
ducers from that between the ?rst and third transducers 
in the course of determining the velocity between the 
second and third transducers, so as to reduce by cancel 
lation the error in bone velocity determination caused 
by soft tissue. A yet further embodiment includes an 
arrangement for interchanging the roles of the ?rst and 
third transducers so that the third transducer is used to 
produce an acoustic waveform and the ?rst transducer 
is in communication with the processing means. The 
processing arrangement further includes (i) an arrange 
ment for effectively determining the difference in the 
wave transit time between the third and second trans 
ducers from that between the third and ?rst transducers 
in the course of determining the velocity between the 
second and third transducers and (ii) an arrangement for 
averaging the velocity determinations made with and 
without operation of the interchange arrangement. 

In another embodiment, the invention provides a 
system for velocity measurement of an acoustic wave in 
a bone disposed in a body part. The system has ?rst and 
second transducers, a mounting arrangement for mount 
ing the transducers in spaced relationship with respect 
to the bone, a signal exciter, and a velocity determina 
tion arrangement. The mounting means in this embodi 
ment includes a contact arrangement for contacting the 
body part and de?ning a stable and repeatable position 
on the body part. The transducers may be mechanically 
biased to urge them against the body part with substan 
tially constant force. The contact arrangement may be 
implemented with a plurality of contact buttons (use 
fully four in many embodiments) projecting in a com 
mon direction for contacting the body part. In a further 
embodiment, the contact buttons may be axially dis 
placeable and ?tted with an engagement sensing ar 
rangement for determining when each button has been 
placed ?rmly in contact with the body part. Operation 
of the system may be inhibited unless and until the en 
gagement sensing arrangement has determined that 
each button has been placed ?rmly in contact with the 
body part. A temperature sensor may be disposed in one 
of the contact buttons to sense the temperature of the 
body part. 

In still another embodiment, the invention provides a 
system for externally measuring the velocity of an 
acoustic wave in a bone of a subject, and the system has 
?rst and second transducers, and an arrangement for 
mounting the transducers in spaced relationship with 
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respect to the bone. A signal exciter provides a signa 
ture waveform to the ?rst transducer to cause it to 
produce a characteristic acoustic waveform that is 
propagated into the subject and received by the second 
transducer along a path that includes the bone. A tem 
plate arrangement provides a standard template wave 
form that is indicative of a signature waveform received 
by the second transducer. 
An association arrangement associates the standard 

template waveform with the waveform received by the 
second transducer, so as to discriminate against wave 
patterns other than the signature waveform and to as 
certain the transit time of the signature waveform along 
the path. The signature waveform may be an irregular 
continuous wave optimized to provide enhanced dis 
crimination by the association arrangement, and may be 
fewer than ten (for example, three) cycles long. The 
standard template waveform may be derived by empiri 
cal selection from representative sample signals present 
at the second transducer. The association means may be 
a correlator for cross correlating the standard template 
waveform with the waveform received by the second 
transducer. The correlator may operate on sampled 
signals representing the standard template waveform 
and the waveform received by the second transducer; in 
such a case there may be included an arrangement for 
refining the determination of the transit time of the 
signature waveform by interpolation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features of the present invention will 
be more readily understood by reference to the follow 
ing detailed description taken with the accompanying 
drawings, in which: 
FIG. 1 is a diagram of a preferred embodiment of the 

invention showing transducers configured to measure 
sound velocity through a chord of a bone of an verte 
brate subject; 
FIG. 2 is a diagram illustrating the relative insensitiv 

ity of the embodiment of FIG. 1 to compression of the 
transducers into soft tissue of the subject; 
FIG. 3 is a diagram illustrating an embodiment of the 

invention employing three transducers; 
FIG. 4 is a front view of an embodiment of the inven 

tion including the arrangement of FIG. 1; 
FIG. 5 is a side view of the embodiment of FIG. 4; 
FIG. 6 is a back view of the embodiment of FIG. 4; 
FIG. 7 is a top view of the embodiment of FIG. 4; 
FIG. 8 is a bottom view of the embodiment of FIG. 

4; 
FIG. 9 is a block diagram of the embodiment of FIG. 

4; 
FIGS. 10(a) through 10(c) show the digital pattern, 

resulting pulse waveform and exciter waveform at the 
terminals of transducer 11, respectively, for the embodi 
ment of FIG. 4; 
FIG. 11 is a graph showing, in the top half, the stan 

dard template waveform and the waveform received at 
the second transducer and, in the bottom half, the cross 
correlation of these two waveforms; 
FIG. 12 is a block diagram showing the logical ?ow 

in performing the cross correlation and interpolation in 
the embodiment of FIG. 4; and 
FIG. 13 is a graph illustrating the relative positions of 

coordinates (x1,y1), (x2,y2), (x3,y3) used in the interpola 
tion of step 128 in FIG. 13. 
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4 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

In FIG. 1 is presented a diagram of a preferred em 
bodiment of the invention. In this embodiment, ?rst and 
second ultrasound transducers 11 for transmitting and 
12 for receiving respectively an acoustic waveform 
have central acoustic axes X—X and Y—Y respec 
tively. The transducers are mounted in substantially 
?xed relation to one another in a transducer block 13, so 
that their central axes X—X and Y—Y lie in a plane and 
form an angle 0 that is substantially less than 180 de 
grees. Various angles are suitable, and may include, for 
example, zero, 30, 60, 90, 120, and 150 degrees. A body 
part 14 of a vertebrate subject (such as the leg of a horse 
or the forearm of a human, for example) includes soft 
tissue 141 and a bone 142. The bone may be any of a 
wide variety of bones, including, but not limited to, 
radius, ulna, third metacarpal, patella, clavicle, and 0s 
calcis (calcaneus). The bone 142 is here a cortical bone 
with medullary canal 143, and the bone 142 has a longi 
tudinal axis (not shown) that is perpendicular to the 
page. The transducer block 13 is oriented so that the 
plane de?ned by central axes X—X and Y—Y is trans 
verse (and here perpendicular) to the longitudinal axis 
of the bone 142. In a series of experiments, we have 
found, surprisingly, that this embodiment, employing 
non-opposed transducers, provides a path A between 
the transducers l1 and 12 that includes a chord of the 
bone 142. 

Since the distance between transducers 11 and 12 is 
?xed by the transducer block 13 and is determinable, 
the length of path A can be reasonably estimated; a 
measurement of the transit time of an acoustic wave 
over path A can therefore be used to determine the 
velocity of an acoustic wave in the bone 142 over this 
path. Accordingly, a signal processing arrangement is 
employed to measure the transit time and to determine 
the velocity. 
Although path A has the shorter transit time for an 

acoustic waveform traveling between the two transduc 
ers, there is another path B running from the first trans 
ducer 11 to the boundary of the medullary canal 143 
and from there to the second transducer 12. With the 
bone velocity determined in the manner described 
above with respect to measurement of waveform transit 
time over path A, it is possible to use a waveform transit 
time measured over path B to estimate the thickness c-d 
of the bone. It is possible to measure the waveform 
transit time over path B with a judiciously selected 
waveform, because the waveform over this path will 
arrive at transducer 12 after the waveform over path A, 
and is therefore detectable. 
A potential dif?culty with the embodiment shown in 

FIG. 1, as with all other embodiments employing acous 
tic velocity measurement techniques external to the 
subject, is the transit time of the waveform through soft 
tissue 141. The soft tissue transit time introduces poten 
tial inaccuracies in bone velocity measurement. A num 
ber of strategies may be employed in accordance with 
the present invention to deal with this effect. In accor 
dance with a preferred embodiment, the angle 0 may be 
optimized to reduce the effect of soft tissue transit time. 
As shown in FIG. 2, there is a regular path 21 including 
soft tissue segments AB and CD through a ?rst chord 
BC of bone 142 between the'transducers 11 and 12. If, 
due to compression of the soft tissue 141 or the use of 
the system on another subject simply having less soft 
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tissue 141, there will be a different path 22, including 
soft tissue segments HI and J K through a second chord 
II of bone 142. A knowledge of Snell’s law, the perti 
nent indices of refraction, and velocities of ultrasound in 
the soft tissue 141 and the bone 142, the approximate 
dimensions of the body part 14 and of the bone 142 and 
soft tissue 141, permits determination of an angle 0 in 

. FIG. 1 with which the path lengths 22 and 21 are such 
that transit time of a waveform over path 22 is approxi 
mately equal to the transit time of a waveform over path 
21. Such a determination can be made by one of ordi 
nary skill in the art; a ?rst order determination of 0 can 
be made by assuming the velocity through the two 
media is constant. Snell’s law gives the angles of refrac 
tion at the boundary of bone and soft tissue. The angle 
0 can then be determined using simple trigonometry. A 
further iteration on the determination can compensate 
for the slower velocity through soft tissue. Note that in 
path 22 the greater length of the chord I] (in compari 
son to the length of chord BC in path 21) compensates 
for the shorter lengths of soft tissue segments HI and J K 
(in comparison to the lengths of segments AB and CD 
in path 21). Because, however, the transit time through 
soft tissue is slower than through bone, the bone chord 
I] must be lengthened by an amount greater than the 
amount by which the cumulative length of segments HI 
and JK is shortened. . 

In FIG. 3 is illustrated a further embodiment for 
compensating for the effect of soft tissue. In this em 
bodiment, in addition to transducers 11 and 12 of FIGS. 
1 and 2, there is employed a third transducer 31, which 
also receives a waveform from transducer 11. In addi 
tion to the path ABCD between transducers 11 and 12, 
there is the path ABEF between transducers 11 and 31. 
The segment FM is a perpendicular to the chord BC. 
From this ?gure, it is clear that when a and B are small 
angles, the lengths BM and BE are approximately equal. 
If soft tissue paths EF and CD are approximately equal, 
then the transit time over path MC is equal to the total 
transit time over the path 21 less the transit time over 
path 32, since both paths include approximately the 
same total segment lengths in soft tissue 141. Accord 
ingly, in this embodiment, a signal processing arrange 
ment is employed to determine the difference in the 
wave transit time between the ?rst and second trans 
ducers from that between the ?rst and third transduc 
ers. This difference, which is equal to the transit time 
over path MC, is computed in the course of determining 
the velocity of ultrasound in bone between the second 
and third transducers, in a manner as to reduce the error 
in the determination caused by soft tissue by cancella 
tion. (These determinations are possible when the posi 
tion of transducer 31 is known relative to the positions 
of transducers 11 and 12.) 

In a further embodiment, the roles of the outside 
transducers, here 11 and 12, may be interchanged. 
Transducer 12 is used for transmitting and transducer 
11 is used for receiving an acoustic waveform. Thus a 
?rst path 21 exists over segments DCBA from trans 
ducer 12 to transducer 11. A second path 33 (shown by 
a dashed line) exists from transducer 12 to transducer 
31. In a manner analogous to that described in the pre 
ceding paragraph, the transit time for a waveform over 
the path MB can be computed by determining the dif 
ference in the wave transit time between the second and 
third transducers from that between the third and ?rst 
transducers. This difference is computed in the course 
of determining the velocity of ultrasound in bone be 
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6 
tween the second and ?rst transducers, in a manner as to 
reduce the error in the determination caused by soft 
tissue. 

Because the path lengths AB, EF and CD through 
soft tissue may not be equal, a further compensation for 
soft tissue can be implemented in which the velocity 
determinations described in the preceding two para 
graphs (for chord segments MC and MB respectively) 
are averaged. That is the velocity determinations made 
both with and without the interchange of transducers 
(which can be achieved under computer control) are 
averaged to further compensate for soft tissue. 
FIGS. 4-8 illustrate respectively front, side, back, 

top, and bottom views of an embodiment of the inven 
tion including the arrangement of FIG. 1. This embodi 
ment includes in a single housing 41 for all of the com 
ponents shown in the block diagram of FIG. 9. This 
embodiment includes a display 42, a keypad 43, power 
switch 44, and, as explained below, LED indicators 45 
(relating to positioning of the housing in relation to the 
body part), and 46 and 47 (relating to the accuracy of 
the measurement). In lieu of the keypad other include 
input means may be employed, such as a joystick. 
The embodiment of FIGS. 4-9 includes a micro 

processor (CPU 91) and random access memory 
(RAM) 92 for storage of both prior history of a given 
subject as well as statistical averages for groups of sub 
jects. (The prior history in this embodiment optionally 
includes the entire digitally sampled waveform received 
by transducer 12 in each such successful past velocity 
determination.) In operation of the device of this em 
bodiment, the keypad is used to enter the identi?cation 
of the subject as well as pertinent subject data, and for 
each measurement of the subject the results are stored 
as well as the date and time of measurement. This data, 
as well as the statistical averages, can be accessed by the 
keypad 43 and displayed in the display 42. The subject’s 
velocity measurements over time can be displayed 
graphically in the display 42. 
The power switch 44 includes a mode when held 

down in which backlighting for the display is provided 
along with illumination of the keys in the keypad. This 
mode is useful when the device is operated in dimly lit 
barns, for example, in measuring bone velocity in a 
body part 14 of a horse or other animal. The device is 
powered by a rechargeable battery that is recharged 
through alternate power port 83. An auxiliary port 82 is 
provided for an auxiliary sensor, as well as an asynchro 
nous digital serial port 81 (implemented as a modular 
telephone jack) for uploading and downloading data 
stored in RAM 92. To facilitate carrying the device, it 
is equipped with an anchor bar 51 for attachment of a 
wrist strap. , 

The rear of the device includes a curved channel 71 
adapted to receive the pertinent body part 14 of the 
vertebrate subject. The channel 71 is bounded by suit 
ably shaped side walls 52 of the housing 41. The trans 
ducers 11 and 12 of FIG. 1 are mounted in a block 13 
that is spring loaded in the housing 41 to permit the 
transducers to be seated as close as possible to the bone 
142 with a known and repeatable contact force on the 
body part 14. Proper seating of the transducers is fur 
ther assured by the use of four contact buttons 61 
mounted in pairs on opposite sides of the channel. These 
contact buttons are axially displaceable and are also 
spring loaded. When the device has been placed so that 
the transducers are properly seated on the body part 14, 
each contact button 61 is urged inward until it closes an 
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associated attitude switch (collectively attitude sensors 
911 in FIG. 9). When some but not all of the attitude 
switches have been closed, the “position” LED 45 is 
made to blink, and an optional audible warning may be 
provided. Operation of the device is inhibited unless 
and until all attitude switches have been closed. When 
all attitude switches have been closed, the “position” 
LED 45 is steadily illuminated. After a successful veloc 
ity determination has been made, the “good” LED 46 is 
illuminated. If in the course of making the velocity 
determination an error condition has been detected, the 
“repea ” LED 47 is illuminated. In such a case, the user 
is required to remove the device from the body part; 
removal is detected by the attitude switches 911. The 
device will then not provide a further velocity measure 
ment unless it is placed on the body part again. 
One of the contact buttons 61 is further provided 

with a temperature sensor to monitor the temperature 
of the body part. Additional temperature sensors are 
employed to determine ambient air temperature and the 
temperature of the battery compartment. The battery 
compartment temperature is sensed to monitor when 
the battery is fully charged and to disconnect it from the 
charging circuit when it is fully charged. 

In some embodiments it will be convenient to provide 
the transducers 11 and 12, mounting block 13, and the 
contact buttons 61 with associated attitude switches and 
temperature sensors in a separate housing (having for 
example the general appearance of FIG. 7) from the rest 
of the device, so that the device would have a sensing 
head and a main body. The head may be attached me 
chanically to the body by a universal joint, so that a user 
holding the device by the body could not inadvertently 
apply torque to the head, possibly risking uneven trans 
ducer pressures or poor sealing of the transducers to the 
body part 14 when measurements are being taken. Such 
an approach also permits the use of different removable 
heads to accommodate different sizes of the body part 

. in question or different body parts altogether. 
FIG. 9 shows the structure of the device, which oper 

ates under control of CPU 91, in accordance with a 
program loaded at time of initialization from read only 
memory (ROM) 93 into RAM 92. A clock 916 times 
delivery of a stored signature waveform 941 to exciter 
94 and transducer 11, which sends the waveform into 
the body part through soft tissue 141 and bone 142. The 
waveform is received at transducer 12, is nm through 
ampli?er 95, analog-to-digital converter 951, and the 
sampled digital data is stored in static random access 
memory (SRAM) 953. A standard template waveform 
is then cross correlated with the sampled data in SRAM 
to ?nd the transit time of the signature waveform. The 
transit time forms the basis of the velocity determina 
tion as described above in connection with FIGS. 1 and 
2, and the result of the determination is stored in RAM 
92 shown in FIG. 9. 
FIG. 10 shows the signature waveform employed 

with the embodiment. The waveform was derived by 
supplying at the rate of clock 916 (12 MHz) the digital 
pattern of FIG. 10(A). This pattern is supplied to a pulse 
waveform generator, the output of which is shown in 
FIG. 10(B). The pulse generator output is furnished to 
the primary winding of a step-up transformer, and the 
secondary of the transformer, providing an output illus 
trated in FIG. 10(C) is connected to the transducer 11, 
here implemented by a piezo transducer. In the course 
of implementing this embodiment of the invention, it 
has been found that it is dramatically easier to detect 
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8 
and to determine the transit time of the signature wave 
form by correlation techniques than it is in the case of 
other waveforms such as ordinary single-repetition rate 
pulses or single-frequency sinusoidal waves. 
FIG. 11 shows the standard template waveform 112 

used to correlate with the transducer sampled output 
111. The standard template waveform was initially de 
rived from actual transducer outputs obtained with 
actual body parts, and then empirically modi?ed to 
produce greater discrimination of the signature wave 
form. The result of the correlation is shown in the bot 
tom half of FIG. 11. This correlation is performed as 
discussed in connection with FIG. 12 below. 
FIG. 12 is a block diagram showing the logical ?ow 

in performing the cross correlation and interpolation in 
the embodiment of FIG. 4. In step 121, a new digitally 
sampled signal is loaded into the applicable portion of 
memory for processing. The signal amplitude (Y -coor 
dinate of each sample) is then offset by an amount suffi 
cient to make it symmetrical about the Y-axis (step 
1211). The time (X-coordinate) tam; at which signal 
onset occurs is then determined (step 1212). The dy 
namic range of the signal is then tested (steps 1213 and 
1214), and if the signal is out of range, the attenuator is 
adjusted (step 1216) and the signal is reloaded. If (in step 
1215) the signal is found to have a dynamic range be 
yond the adjustment limits of the attenuator, the signal 
is repositioned (along the X-axis) in step 127 and re 
loaded. 
Once the signal is in range, it is set up for performing 

the cross correlation. The cross correlation window 
width is established at 5-Tp periods, where 
Tp=(27T/(Dg)=1.o psec'for the signature waveform of 
FIG. 10(C). The cross correlation window is positioned 
to start 2-Tp periods to the left of tamer, that is, at (t,,,,. 
set-—2-Tp). The early starting point here is adopted in 
order to include the possibility that an earlier signal 
onset time went undetected. Then cross correlation of 
the signal with the standard template waveform is per 
formed (step 124). The X-coordinate at which there is 
the highest peak determines (step 125) a candidate tran 
sit time of the signature waveform. If the second highest 
peak is not greater than 90% of the height of the highest 
peak, then (in step 126) the highest peak is ?nally se 
lected; if the second highest peak is greater than 90% of 
the height of the highest peak, then the signal is reposi 
tioned and reprocessed. The data samples from the 
?nally selected highest peak are used to interpolate the 
X-coordinate of the actual peak, using the formula 
shown in step 128. The relative locations of the'perti 
nent three data samples indicated by coordinates (x1,y1), 
(x2,y2), and (x3,y3) are shown in FIG. 13. After interpo 
lation to determine the location xpeuk on the X-axis of 
the selected peak, the actual transit time of the signature 
waveform is determined by adding the amount of sys 
tem offset on the X-axis given to the signal in processing 
(step 129). As discussed above, based on the geometry 
of transducers 11 and 12, the bone velocity of the signa 
ture waveform can then be determined. 
To enhance the accuracy of the velocity determina 

tion, the system may be calibrated against one or more 
standards (for example plastic solids) of known dimen 
sions and known ultrasound velocities. The use of two 
or more such standards permits determination of a cali 
bration offset to the transit time determination in accor 
dance with FIG. 12. This offset compensates for inher 
ent latencies in the system and variations in the geome 
try of the transducers and similar factors. 
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What is claimed is: 
1. A system for externally measuring in a vertebrate 

subject characteristic behavior of an acoustic wave in a 
bone disposed within a body part, the system compris 
mg: 

(a) ?rst and second transducers; 
(b) mounting means for mounting the transducers in 

spaced relationship with respect to the bone, the 
mounting means including contact means for con 
tacting the body part and de?ning a stable and 
repeatable position on the body part said contact 
ing means including a plurality of contact buttons 
projecting in a common direction for contacting 
the body part; 

(c) signal excitation means coupled to the ?rst trans 
ducer for causing the ?rst transducer to produce an 

5 

acoustic waveform that is propagated into the sub- , 
ject and received by the second transducer along a 
path that includes the bone; 

(d) characteristic determination means coupled to the 
second transducer for determining a characteristic 
of the behavior of the waveform along the path; 
and 

(e) a spring arrangement for mechanically biasing the 
transducers to urge them against the body part 
with substantially constant force. 

2. A system according to claim 1, wherein the contact 
means includes four contact buttons in positions de?n 
ing a rectangle. 

3. A system according to claim 1, further comprising: 
means for mounting the buttons so that they are axi 

ally displaceable; and ‘ 
engagement sensing means for determining when 
each button has been placed firmly in contact with 
the body part. 

4. A system according to claim 3, further comprising: 
inhibition means for inhibiting operation of the sys 
tem unless and until the engagement sensing means 
has determined that each button has been placed 
?rmly in contact with the body part. 

5. A system according to claim 1, further comprising: 
a temperature sensor, disposed in one of the contact 

buttons, for sensing the temperature of the body 
part. 

6. A system for externally measuring in a vertebrate 
subject characteristic behavior of an accoustic wave in 
a bone disposed within a body part, the system compris 
mg: 

(a) ?rst and second transducers; 
(b) mounting means for mounting the transducers in 
spaced relationship with respect to the bone; 

20 

25 

30 

35 

45 

55 

65 

10 
(0) signal excitation means for causing the ?rst trans 
ducer to produce an acoustic waveform that is 
propagated into the subject and received by the 
second transducer along a path that includes the 
bone; 

(d) characteristic determination means for determin 
ing a characteristic of the behavior of the wave 
form along the path; 

wherein the transducers, the mounting means, the 
signal excitation means, and the characteristic de 
termination means are all contained in a single 
hand-holdable assembly permitting the measure 
ment to be taken while holding the assembly in one 
hand of the user. 

7. A system according to claim 6, further comprising 
manual input means for receiving input data via manual 
entry and a display disposed within the housing. 

8. A system according to claim 7, further comprising 
a database containing at least one of (i) a history of 
velocity determinations for one or more vertebrate 
subjects and (ii) statistical averages for groups of sub 
jects. 

9. A system according to claim 6, wherein each of the 
transducers has a central acoustic axis, and thee trans 
ducers are disposed so that their central axes form a 
?xed angle substantially less that 180 degrees. 

10. A system for externally measuring in a vertebrate 
subject characteristic behavior of an acoustic wave in a 
bone disposed within a body part, the system compris 
mg: 

(a) ?rst and second transducers; 
(b) mounting means for mounting the transducers in 

spaced relationship-with respect to the bone; 
(c) signal excitation means for causing the ?rst trans 
ducer to produce an acoustic waveform that is 
propagated into the subject and received by the 
second transducer along a path that includes the 
bone; 

(d) characteristic determination means for determin 
ing a characteristic of the behavior of the wave 
form along the path; 

(e) a first housing for the transducers and the mount 
ing means; 

(i) a second housing for the signal excitation means 
and the characteristic determination means; 

wherein the ?rst housing is ?exibly joined to the 
second housing to form a single hand-holdable 
assembly. 

11. A system according to claim 10, further compn's 
ing a keypad and a display disposed within the second 
housing. * 

* * * * 
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